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Abstract  
Nitrogen doped (N-doped) carbon materials (NCMs) are generally used as electrode materials, and sel-
dom used as catalysts in chemical reaction. In this work, NCMs were prepared by high-temperature 
pyrolysis using monosodium glutamate as sources of both carbon and nitrogen, magnesium acetate as 
a porogen, and nickel hydroxide as a graphitization catalyst. The catalytic performance of NCMs was 
investigated in the reduction of 4-nitrophenol (4-NP) with potassium borohydride at 30 ºC. As metal-
free catalysts, all of the NCMs can catalyze the reaction. The graphitization degree and N-doped 
amount of NCM have a great influence on the catalytic activity. The NCM annealed at 800 ºC has 
higher activity and stability. The reaction rate constant can reach 0.57 min-1, and the activation energy 
was about 36.4 kJ/mol. Copyright © 2019 BCREC Group. All rights reserved 
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1. Introduction 
Carbon materials (CMs) have been widely 
used in adsorption, catalysis and electrochemis-
try due to their surface chemical inertness, me-
chanical stability and large specific surface 
area. However, the hydrophilicity of CMs is 
poor, which limits their application. Nitrogen 
doping in CMs can change the surface structure, 
enhance the hydrophilicity, and improve the 
electron transfer rate, so as to expand the appli-
cation range [1]. At present, N-doped CMs 
(NCMs) are mostly used as electrode materials 
[2]. However, as heterogeneous catalysts, NCMs 
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have attracted increasing interests [1,3]. N at-
oms in NCMs have excellent coordinate ability 
with metal particles, which means that NCM is 
an ideal carrier for metal catalyst. Researches 
on NCMs as catalyst carriers for metal or metal 
oxide have been increasing. For example, noble 
metal particles immobilized on N-doped carbon 
nanocages were used as catalysts for methanol 
electrooxidation [4], non-noble metals or metal 
oxides supported on NCMs were used as oxygen 
reduction catalysts for fuel cells [5,6], and cobalt 
supported on N-doped ordered mesoporous car-
bon catalysts were used for Fischer-Tropsch 
synthesis [7]. 
However, the metal particles loaded on 
NCMs are easily aggregated or lost, resulting in 
the decrease of catalytic activity or even deacti-
vation. As metal-free catalysts, NCMs have at-
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tracted increasing attention in recent years due 
to its advantages of good stability, environment 
friendliness and low cost. Podyacheva and Is-
magilov [1] proposed that the defects in CM 
and the curling of basal plane induce local 
charges and increase the activity of CM. Based 
on this, N doping causes defects, leads to redis-
tribution of charges, so as to improve the cata-
lytic activity. In addition, N doping can produce 
acid and alkali sites in favor of their adsorbed 
reactants. NCM can be used with long term 
stability due to its acid, alkali, and high-
temperature resistance [8]. These features    
enable NCMs to become high-performance 
catalysts. Researches on NCM as metal-free 
catalyst are increasing. For example, N-doped 
graphenes were used in the selective oxidation 
of ethylbenzene [9], while N-doped carbon 
nanotubes were used in the partial oxidation of 
H2S [10,11] and the catalytic hydrochlorination 
of acetylene [12]. In addition, N-doped gra-
phene [3] and S-N-codoped CM [13] exhibited 
excellent performance in the reduction of          
p-nitrophenol (4-NP).  
The 4-NP is a precursor of 4-aminophenol  
(4-AP) which can be used for the production of 
medicine, pesticides, insecticides, and fungi-
cides etc. On the other hand, the 4-NP has seri-
ous risks to ecosystem and human health, due 
to its high toxicity, stability in the environ-
ment, water solubility, and poor biodegrada-
tion. Compared with the 4-NP, the 4-AP is of 
low toxicity, instability, and biodegradation. 
Therefore, the catalytic reduction of 4-NP to     
4-AP with NaBH4 has been widely studied. 
Most of the existing researches on the reaction 
are based on metallic catalysts, such as: Ag 
[14], Au [15], Cu [16], Co [17], and Bi [18], 
which are restricted due to limited reserves, 
high cost and low stability.  
Although the disadvantages of the metallic 
catalyst could be avoided by using N-doped gra-
phene [3] and S-N-codoped CM [13], the prepa-
ration processes of these NCMs are compli-
cated. In this work, NCMs were prepared by a 
simple method using monosodium glutamate 
(MSG) as sources of C and N. The catalytic ac-
tivity of the as-prepared catalysts in the reduc-
tion of 4-NP was evaluated. The influence of 
the preparation conditions on the catalytic per-
formance was also investigated. 
 
2. Materials and Methods 
2.1 Materials 
MSG, magnesium acetate tetrahydrate, and 
4-NP were purchased from Tianjin Fuchen Re-
agent Co. Ltd. (China). Potassium borohydride 
(95%) and nickel hydroxide were purchased 
from Sinopharm Chemical Reagent Co. Ltd. 
(China). All reagents were of analytical pure 
grade and used without further purification. 
Ultrapure water was used throughout the 
whole experiment. 
 
2.2 Preparation of NCMs 
The NCMs were prepared via a pyrolysis 
method using Ni(OH)2 as the graphitization 
catalyst and MSG as C and N sources. Briefly, 
5.0 g of MSG, 1.6 g of Mg(CH3COO)2·4H2O, and 
0.05 g of Ni(OH)2 were ground evenly in a mor-
tar, and then the mixture was taken in a 
quartz boat and placed inside a tubular fur-
nace. The mixture was heated in N2 at a rate of 
10 ºC/min to 700, 800, and 900 ºC for 2 h,       
respectively. After cooling to room tempera-
ture, the resulting composites were treated 
with a solution of hydrochloric acid (6 M) at 80 
ºC for 10 h to remove nickel, followed by wash-
ing with deionized water and ethanol, and dry-
ing at 80 ºC for 12 h. The resulting samples 
were denoted NCM-700Ni, NCM-800Ni, and 
NCM-900Ni, respectively. For comparison, we 
also prepared NCMs from MSG without Ni 
catalyst, denoted NCM-800. 
 
2.3 Catalyst Characterization 
The X-ray diffraction (XRD) patterns were 
recorded on a Ultima IV diffractometer 
(Rigaku) equipped with a Cu Kα radiation at 2° 
steps. The measurements of X-ray photoelec-
tron spectroscopy (XPS) were carried out in an 
Escalab 250Xi spectrometer (Thermo) using   
Al-Kα X-ray as the excitation source (225 W). 
Raman spectra were measured on a DXR2 Ra-
man spectrometer (Thermo) using a laser with 
an excitation wavelength of 532 nm at room 
temperature. 
 
2.4 Catalytic Reduction of 4-NP 
The catalytic performance of the as-
prepared NCMs was investigated by using the 
reduction of 4-NP with excessive KBH4 as a 
model reaction. Briefly, 100 mL of 4-NP solu-
tion (2 mmol/L) was mixed with 0.03 g of cata-
lyst in a beaker at 30 ºC. Then 0.3 g of KBH4 
was rapidly added under constant stirring. 
Samples were directly withdrawn from the re-
action mixture at certain time intervals. Since 
the UV absorbance of 4-NP at 400 nm is pro-
portional to its concentration in the solution, 
the absorbance ratio At/A0 is equal to the con-
centration ratio Ct/C0 of 4-NP [19]. Therefore, 
the reaction progress can be directly monitored 
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by a UV-5500PC UV-Vis spectrometry 
(Shanghai Metash). To investigate the stability 
of the as-prepared catalysts, the used catalysts 
were separated from the reaction mixture by 
centrifugation, washed with deionized water 
several times and reused. The conversion of      
4-NP was defined as Equation (1). 
 
(1) 
 
 
3. Results and Discussion 
3.1 Characterization of Catalysts 
X-ray powder diffraction analysis was used 
to identify the crystal structure of the NCMs, 
and the results are shown in Figure 1. The 
broad diffraction peaks at about 25º for all sam-
ples can be indexed as (002) diffraction plane of 
the hexagonal phase graphite (JCPDS No. 41-
1487) [20]. The broad pattern of diffraction 
peaks indicates the poor graphitization degree 
for NCM-700Ni and NCM-800. However, the 
peaks of NCM-800Ni and NCM-900Ni at 26.5º 
are sharper, indicating high graphitization de-
gree of the two samples. According to Equation 
(2), the graphitization degrees had been calcu-
lated to be 89.1% and 71.5%, respectively [21]. 
The result indicates that the graphitization de-
gree of the samples increased with the increas-
ing pyrolysis temperature, and nickel can also 
promote graphitization. In addition, there is no 
diffraction peak of nickel or its compounds, in-
dicating that nickel may be almost completely 
removed from the samples. 
 
(2) 
 
Raman spectrometer was used to character-
ize the as-prepared samples. As shown in     
Figure 2, all the samples showed an obvious D 
band at about 1350 cm-1 and a G band at about 
1580 cm-1. The G band corresponds to the zone 
center E2g mode regarding phonon vibrations 
in the sp2 carbon materials, while the D band 
corresponds to the sp2 C with defects [21]. 
Therefore, the intensity ratio of the G and D 
bands (IG/ID) can be used to characterize the 
graphitization degree of CMs. Compared with 
NCM-800, NCM-800Ni has a higher IG/ID ratio, 
indicating that nickel can improve graphitiza-
tion remarkably. For the nickel-catalyzed sam-
ples, the IG/ID ratio increased with the pyroly-
sis temperature. The IG/ID ratios of NCM-800Ni 
and NCM-900Ni are 1.29 and 2.39, respec-
tively, indicating higher graphitization degree 
of the two samples. The results are in agree-
ment with the results from XRD patterns. 
XPS measurements were performed to ana-
lyze the elemental composition and N-bonding 
configurations of the samples. As shown in Fig-
ure 3A, the XPS spectra reveal the presence of 
C, N, and O elements in all samples. Except for 
the NCM-800 sample, the other three samples 
also contain less than 0.2 at% of residual 
nickel. This result is consistent with the find-
ing from XRD patterns. The residual nickel in 
the samples may be attributed to nickel encap-
sulated by carbon particles and thus, is not ac-
cessible to the acid during the acid treatment. 
Such residual nickel is not readily accessible to 
the reactants during the reaction process.  
According to Figure 3A, the N contents were 
calculated and listed in Table 1. As shown in 
Table 1, the N content decreases with the in-
crease of pyrolysis temperature. The pyrolysis 
temperatures of NCM800-Ni and NCM-800 are 
the same, but the N content of NCM800-Ni is 
higher than that of NCM-800. The result indi-
cates that nickel can facilitate the N-doping in 
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Figure 3.  (A) XPS survey scan. High-resolution N1s spectra of (B) NCM-800, (C) NCM-900Ni, (D) 
NCM-800Ni, and (E) NCM-700Ni 
Sample Total N (%) 
N species (%)a 
Pyridinic Pyrrolic Graphitic 
NCM-700Ni 9.37 2.9 (26.6) 6.88 (73.4) 0 (0) 
NCM-800Ni 9.32 234 (25.1) 5.78 (62.0) 1.20 (12.9) 
NCM-900Ni 4.33 1.62 (37.5) 1.28 (29.6) 1.42 (32.9) 
NCM-800 8.25 2.62 (31.8) 4.27 (51.8) 1.35 (16.4) 
Table 1.  Nitrogen species and contents in the samples 
 
200 300 400 500 600 700 800 900
A
N2p
O1s
N1s
C1s
NCM-700Ni
NCM-800Ni
NCM-900Ni
NCM-800
Binding Energy (eV)
In
te
n
s
it
y
 (
a
.u
.)
 
 
 Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1), 2019, 32 
Copyright © 2019, BCREC, ISSN 1978-2993 
the material. As shown in Figure 3B-E, the 
XPS spectra of N1s were deconvoluted to three 
N species: pyridinic N (398.5 eV), pyrrolic N 
(400.0 eV), and graphitic N (401.5 eV). Based 
on the area of XPS peaks, the contents of      
different N species were calculated and shown 
in Table 1. The relative percentages of graph-
itic N in NCM-700Ni, NCM-800Ni, NCM-900Ni 
and NCM-800 are 0%, 12.9%, 32.9%, and 
16.4%, respectively. The results show that the 
graphitic N percentage increases with the in-
crease of pyrolysis temperature. 
 
3.2 Catalytic Activity 
To investigate the catalytic activity of the 
NCMs, the reduction of 4-NP with excess KBH4 
was chosen as a model reaction. Owing to the 
large excess of the KBH4 concentration, it can 
be considered as a constant during the reaction. 
Therefore, the reaction can be regarded as 
pseudo-first-order reaction. Since the absorb-
ance of 4-NP is proportional to its concentra-
tion in the mixture, the ratio of At/A0 is equal to 
the concentration ratio Ct/C0 of 4-NP [18]. 
Hence, the kinetic equation for the reduction 
can be written as Equation (3). 
 
(3) 
 
According to the plot of ln(At/A0) versus reac-
tion time, the apparent rate constants for the 
reaction can be obtained from the slope of the 
curve fitting line (Figure 4) [14]. The rate con-
stants calculated according to the line slopes 
are 0.07 (NCM-800), 0.12 (NCM-700Ni), 0.57 
(NCM-800Ni), and 0.24 min-1 (NCM-900Ni), re-
spectively. The CM-800 without nitrogen doped 
has little activity, but the other NCMs have 
higher activity. The result shows that the N-
doping can improve the activity of the catalyst. 
For NCMs, the NCM-800 has the lowest activ-
ity, and the possible explanation is that the 
graphitization degrees of the NCM-700Ni, 
NCM-800Ni, and NCM-900Ni catalysts are 
higher than that of the NCM-800 catalyst. 
High graphitization is beneficial to electron 
transfer which can improve the reaction rate 
[1].  
Additionally, we further investigated the re-
lationship between activity and N amount in 
the NCM-700Ni, NCM-800Ni, and NCM-900Ni 
samples. As shown in Figure 5, the relation-
ship between the rate constant and the amount 
of pyrrolic N, pyridinic N, or graphtic N is not 
clear. However, the rate constant increases 
with the total amount of pyridinic N and 
graphtic N. The observations suggest that 
pyridinic N and graphtic N species are involved 
in the active sites for the reaction. The N dop-
ing can induce charge redistribution in NCMs, 
because the electronegativity of N atom is lar-
ger than that of C atom. The positive charges 
of C atoms adjacent to pyrrolic N, pyridinic N 
and graphitic N are 0.17, 0.22, and 0.22 e, re-
spectively [23], while 4-NP ion is charged nega-
tively. Therefore, the N doping can enhance the 
adsorption of 4-NP ions on the NCMs. The C 
atoms adjacent to pyridinic N and graphitic N 
have more positive charges, leading to stronger 
adsorption of 4-NP ions, so as to improve the 
catalytic activity. This means that pyridinic 
and graphitic N are the active sites in the 
NCMs. 
Using NCM-800Ni as the catalyst, the effect 
of temperature on the reaction was investi-
gated. The rate constant of the reaction in-
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creased with increasing temperature for the 
catalytic reaction process. The relationship be-
tween k and T can be expressed as Equation 
(4). 
 
(4) 
 
where, Ea is activation energy, A is Arrhenius 
factor, R is ideal gas constant, and T is tem-
perature. The value of Ea was calculated to be 
about 36.4 kJ/mol from the plot of ln k versus 
1/T (Figure 6). The Ea is lower than that of the 
same reaction catalyzed by metal catalyst such 
as Ag/TiO2 (36.69 kJ/mol) [14], gold nanoparti-
cles supported on oxidized mesoporous carbon 
(86.8 kJ/mol) [15], and Cu dendrimer-
encapsulated nanoparticles (65.5 kJ/mol) [16]. 
The result indicates that the catalytic reaction 
has a low potential barrier, that is, the catalyst 
has high activity for the reaction. 
Figure 7 shows the reusability of the NCM-
800Ni catalyst for the reduction of 4-NP with 
KBH4 at 30 ºC. After reused for 9 cycles, the 
conversion of 4-NP according to Equation (1) 
had no significant decrease. This result shows 
that the NCM-800Ni catalyst was not deacti-
vated significantly during the reaction, wash-
ing, and separation processes. Compared with a 
metal‐based catalyst, no metal particle was 
loaded on the surface of NCM, hence there is no 
aggregation or loss of metal particles during 
the reaction. This is the cause that the NCM 
catalyst can keep excellent stability in the reac-
tion. The activity decreased slightly after each 
cycle, probably due to the gradual loss of parti-
cles with repeated centrifugal separation. 
 
4. Conclusions 
Using cheap MSG as a raw material, nickel 
hydroxide as a graphitization catalyst and 
magnesium acetate as a porogen, the NCMs 
were prepared by high-temperature pyrolysis. 
Improving pyrolysis temperature and adding 
nickel can promote graphitization of the NCMs 
remarkably. The N content in the NCM de-
creases with increasing pyrolysis temperature, 
while the relative percentage of graphite N in-
creases in the NCM. The catalytic performance 
was demonstrated by the study on the reduc-
tion 4-NP to 4-Ap with KBH4 at 30 ºC. The 
NCM carbonized at 800 ºC with suitable graph-
itization degree and N content has excellent 
catalytic activity. The reaction rate constant 
can reach 0.57 min-1 for the reaction catalyzed 
by NCM-800Ni, and the activation energy of 
the reaction was about 36.4 kJ/mol. In addi-
tion, the NCM particles exhibited quite good 
stability. Their activity had no significant de-
crease after reused for 9 cycles. 
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